Terahertz intersubband photodetectors are developed based on GaN/AlGaN quantum wells grown on a free-standing semi-polar ð20 2 1Þ GaN substrate. These quantum wells are nearly free of the polarization-induced internal electric fields that severely complicate the design of nitride intersubband devices on traditional c-plane substrates. As a result, a promising bound-to-quasi-bound THz photodetector design can be implemented. Pronounced photocurrent peaks at the design frequency near 10 THz are measured, covering frequencies that are fundamentally inaccessible to existing arsenide intersubband devices due to reststrahlen absorption. This materials system provides a favorable platform to utilize the intrinsic advantages of nitride semiconductors for THz optoelectronics. Published by AIP Publishing. The terahertz spectral region is attracting considerable attention due to significant applications in security screening, biomedical sensing, industrial quality control, and spectroscopic imaging. Existing THz optoelectronic devices are mostly based on intersubband (ISB) transitions in GaAs/ AlGaAs quantum wells (QWs). 1 Recently, III-nitride heterostructures have also emerged as a promising materials system for the development of ISB devices. At near-and mid-infrared wavelengths, significant progress has already been reported on several device functionalities, including ultrafast all-optical switching, 2,3 photodetection, 4,5 and quantum cascade electroluminescence. 6 In the context of THz optoelectronics, the main advantage of III-nitride compared to arsenide QWs is provided by their larger LO-phonon frequencies, well outside the THz range (e.g., over 22 THz in GaN versus about 9 THz in GaAs). As a result, III-nitride devices could operate at THz frequencies within the forbidden reststrahlen band of arsenide semiconductors, 7 which represents a prominent gap in the spectral coverage of present-day optoelectronics. 8 In addition, GaN THz quantum cascade lasers could potentially reach room-temperature operation, 9,10 unlike existing devices which are intrinsically limited to cryogenic temperatures due to thermally activated LO-phonon emission. Early work on the study of THz ISB transitions in GaN has focused on absorption spectroscopy measurements with a variety of GaN/AlGaN QW structures. [11] [12] [13] [14] The initial demonstrations of THz ISB photodetection 15 and electroluminescence 16 have also been reported.
While these results are promising, considerable materials and design challenges must still be addressed before the full potential of GaN THz ISB devices can be realized. From a materials standpoint, the large densities of threading dislocations that are commonly found in III-nitride semiconductors are particularly deleterious in devices based on vertical transport, such as ISB photodetectors and light emitters. In this respect, substantial progress is currently being enabled by the development and commercialization of high-quality free-standing GaN substrates. From a design perspective, the main challenge is provided by the existence of strong internal electric fields in QWs grown along the polar crystallographic c axis (the most common growth direction for III-nitride heterostructures), due to spontaneous and piezoelectric polarizations. These internal fields produce a trapezoidal conduction-and valence-band lineup that tends to blue-shift the ISB transition energies, and therefore can significantly complicate the development of long-wavelength ISB devices. In addition, in wide QWs designed for THzrange ISB transitions, the first-excited states necessarily fall within the triangular portion of the band lineup, well below the top of the barriers. As a result, carrier extraction from these subbands into the overlaying continuum of unbound states (as needed for ISB photodetection) becomes extremely difficult. For the same reason, interwell tunneling transport among the lower-energy states of these QWs (which forms the basis of quantum cascade laser operation) is equally problematic.
To address this design challenge, recent work has focused on the development of step-QW structures, 11, 13 where two or more layers of different (Al)GaN compositions are used in each well to create a more rectangular potential energy profile. In Ref. 15 , a QW infrared photodetector (QWIP) operating near 13 THz was demonstrated based on a variation of this approach, where two different AlGaN layers are also used in each barrier to allow for a bound-to-quasi-bound QWIP design (with the first-excited subbands nearly resonant to the top of the barriers). However, a potential drawback of these structures is the presence of additional hetero-interfaces in each QW period, which makes the bound states especially vulnerable to interface roughness scattering. This scattering mechanism has been shown to be particularly strong in IIInitride QWs, 6 leading to extremely fast ISB decay lifetimes and proportionally large spectral broadening. For example, in the far-infrared QWIP demonstration of Ref. 15 , a rather broad responsivity spectrum with full width at half maximum (FWHM) of over 9 THz was measured. An alternative approach to address the same design challenge is the use of QWs grown along semi-polar (or nonpolar) crystallographic directions, where the undesirable internal electric fields are significantly reduced (or completely eliminated). The growth of III-nitride semiconductors along such directions is the subject of strong research interest for both fundamental and technological reasons, 17 and has greatly benefited in recent years from the commercialization of high-quality semi-polar and nonpolar free-standing GaN substrates. Nonpolar m-plane or a-plane III-nitride QWs have already been used for the measurement of THz ISB absorption, 12, 14 as well as the investigation of mid-infrared ISB transitions. [18] [19] [20] [21] In the present work, we demonstrate a III-nitride THz QWIP grown on a semi-polar ð20 2 1Þ GaN substrate. Compared to nonpolar surfaces, this substrate can be expected to feature smaller anisotropy in the adatom kinetics, 22 . Figure 1 shows the conduction-band diagram of the QWIP active material under bias, computed with a Schrodinger-equation solver that includes spontaneous and piezoelectric polarization effects in semi-polar QWs following Ref. 23 . The internal electric fields produced by the interface polarization charges are found to be approximately 16 and 9 kV/cm in the wells and barriers, respectively, i.e., an order of magnitude smaller than in identical QWs grown along the c direction. These nonzero but relatively small values are consistent with the large angle (75 ) between the polar c axis and the ½20 2 1 growth direction. As a result, a fairly rectangular QW potential energy profile is obtained under zero-bias conditions. The calculated ISB transition energy in Fig. 1 is 42.8 meV, corresponding to a frequency of 10.3 THz and a wavelength of 29.0 lm. By design, the QW first-excited subbands are close to the top of the barriers, so as to optimize the tradeoff between strong ISB absorption and efficient escape of the photoexcited carries out of the wells.
The QWIP active material was grown by molecular beam epitaxy (MBE) on a single-side-polished 5 Â 8 mm 2 ð20 2 1Þ GaN substrate, using a Veeco GEN-II system with a UNI-Bulb RF plasma source for active nitrogen. Due to its non-standard size, the substrate is soldered to a 2-inch. Si carrier wafer with In-Ga solder, and held in place with a molybdenum spring plate. After thoroughly degassing at over 500 C in a buffer vacuum chamber, the substrate is cleaned in situ by exposing it to a Ga beam equivalent pressure of 1.6 Â 10 À6 Torr for 1 h while continuously ramping the substrate temperature up and down between 600 C and 670 C. These values were chosen so that at the low temperature Ga accumulates on the substrate and the reflection highenergy electron diffraction (RHEED) pattern is significantly dimmed or gone, while at the high temperature Ga evaporates from the substrate fast enough for the RHEED to fully brighten again before the next cycle. It appears that this cleaning procedure removes physisorbed or weakly bonded oxygen and other impurities through the formation of volatile Ga compounds. Following this step, the deposition of the device layers is initiated at a constant RF power of 300 W and a nitrogen flow rate of 1.2 sccm. These plasma conditions yield a 5 Â 10 À7 Torr beam equivalent pressure of active nitrogen and an average AlGaN growth rate of 275 nm/h. Due to the high reactivity of Al, the Al/N flux ratio alone is used to control the alloy composition when growing AlGaN under Ga rich conditions. 24 The sample was characterized by high-resolution x-ray diffraction (HRXRD) using the copper K a1 radiation line (k ¼ 0.15406 nm). Figure 2 shows the reciprocal space map around the GaN ð20 21Þ reflection, acquired in a triple-axis configuration. The peak to the left is from the GaN substrate, while the peaks to the right are due to the GaN/Al 0.06 Ga 0.94 N multiple-QW active region and the n-Al 0.04 Ga 0.96 N cap layer. The satellite peaks from the active region indicate a periodicity of 182 Å . On semi-polar GaN substrates, lattice mismatch strain is generally relieved through the formation of misfit dislocations (MDs). 25 On ð20 2 1Þ substrates, the MD line direction is along ½1 210 and has Burgers vectors of the type the substrate/epilayer interface leads to an epilayer tilt, which is measurable by HRXRD when the incident X-rays are perpendicular to the MD line direction. The reciprocal space map shown in Fig. 2 was taken under such conditions (with the incident X-rays parallel to the ½10 14 projection), and indicates that the lattices of the GaN substrate and of the epitaxial film are tilted by a ¼ 0. 043 . Based on this tilt angle and assuming the nominal Al 0.04 Ga 0.96 N average composition, we estimate that the epilayer is approximately 13% relaxed, corresponding to a MD spacing of approximately 350 nm. 26 After sample growth, 400 Â 450 lm 2 mesa-structure devices with a depth of approximately 900 nm are fabricated using photolithography and reactive ion etching. Metal contacts consisting of a Ti/Al/Ti/Au multilayer film are then deposited on top of and around each mesa, with the top contacts patterned in the shape of one-dimensional gratings with 15-lm period and 50% duty cycle. The function of the grating is to couple normally incident light into the QWs in a way consistent with the polarization selection rules of ISB transitions. 27 This arrangement is necessary due to the relatively large background n-doping of the GaN substrate, which makes it highly opaque at THz wavelengths, and therefore prevents polarization-resolved transmission and photocurrent measurements with angled backside excitation. Finally, another metallization step is performed to create Ni/Au bonding pads, and the samples are annealed in a forming gas environment at 500 C for 2 min in order to passivate possible leakage paths on the mesa sidewalls. For the temperature-dependent measurements described below, the devices are mounted on the cold finger of a continuous-flow liquid-helium cryostat. Figure 3 shows the dark current-voltage (I-V) characteristics of a device at different heat-sink temperatures. The shapes of these traces are qualitatively consistent with standard models of carrier transport in QWIPs, 27 including the observation of a significant decrease in dark current with decreasing temperature, which indicates a large contribution from thermionic emission out of the QWs. The relatively large magnitude of the measured dark current also suggests the presence of electrical leakage, which may be associated with extended defects in the epitaxial layers (most likely basal plane stacking faults in semi-polar and nonpolar nitride films). In addition, it should be noted that the doping density used in the QWs is relatively high for such long-wavelength QWIPs, which further increases the dark current. The I-V traces of Fig. 3 are also relatively symmetric with respect to the bias polarity, which is consistent with the nearly rectangular shape of the QWs and the absence of substantial band bending due to intrinsic electric fields in these semi-polar III-nitride heterostructures.
The device photocurrent spectra were measured using a Fourier transform infrared spectrometer (FTIR) equipped with a globar source and Mylar beamsplitter, via step-scan phase modulation and lock-in detection (more details about the measurement setup can be found in Ref. 15 ). The bias voltage and temperature dependence of the total photocurrent signal are presented in Figs. 4(a) and 4(b) , respectively. The behavior shown in Fig. 4(a) is consistent with the bound-to-quasi-bound nature of the QWIPs under study. As the voltage is increased in either forward or reverse direction, the QW first-excited subbands (i.e., the quasi-bound states) become more strongly coupled to the adjacent continuum of unbound states, leading to an increase in the escape probability of the photoexcited carriers out of the wells. At the same time, the ISB absorption strength decreases due to the reduced confinement of the upper states. As a result, the photocurrent initially increases and eventually saturates with increasing bias voltage. As shown in Fig. 4(b) , the signal can be resolved up to a maximum temperature of about 50 K, which is reasonable for THz-range QWIPs. [28] [29] [30] [31] The photocurrent spectrum of the same device at 10 K under an applied voltage of 1.2 V is shown in Fig. 5 . The photon energy of peak detection, obtained from a Gaussian fit of the experimental data, is 41.7 meV (i.e., 10.1-THz frequency and 29.7-lm wavelength), in excellent agreement with the calculated ISB transition energy of 42.8 meV shown in Fig. 1 . Importantly, the spectrum of Fig. 5 fully overlaps the reststrahlen band of GaAs ($33-37 meV), clearly illustrating the ability of GaN devices to cover this frequency range that has so far been inaccessible to ISB optoelectronics. By comparing these data to similar measurement results obtained with a calibrated pyroelectric detector, the peak responsivity of the device of (operating however at longer wavelengths). [28] [29] [30] [31] A similar value (7 mA/W) was obtained with the c-plane III-nitride QWIP of Ref. 15 , based on the aforementioned double-step QW design. At the same time, the responsivity spectrum of These results therefore indicate that III-nitride QWs featuring the required structural quality for THz ISB device applications can be developed on semi-polar ð20 2 1Þ GaN substrates, where the polarization-induced internal electric fields are strongly reduced compared to c-plane QWs. With further optimization of the growth process and active material design, we expect that high-performance QWIPs can be developed with these QWs, capable of operation across the entire THz range unlike their arsenide counterparts. Because of the lack of significant internal electric fields, the same materials platform is also promising for the development of III-nitride THz quantum cascade emitters, and the investigation of their expected advantages in terms of hightemperature operation.
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